Background: Altered knee kinematics after anterior cruciate ligament injury and reconstruction (ACLR) have been implicated in the development of posttraumatic osteoarthritis (PTOA), leading to poor long-term clinical outcomes.
Results: The ACL-reconstructed knee showed greater medial compartment motion because of pivoting about a more lateral KCOR (P = .03) than the contralateral knee at 2 years. KCOR became less lateral over time (P = .047), with values approaching those of the uninjured knee by 4 years (P = .55). KCOR was also more anterior in the ACL-reconstructed knee at 2 years (P = .02). Between 2 and 4 years, KCOR moved posteriorly in 16 (62%) and anteriorly in 10 (38%) participants. Increasing the anterior position of KCOR in the ACL-reconstructed knee from 2 to 4 years correlated with worsening clinical outcomes at 4 years (KOOSQuality of Life, R 2 = 0.172) and more strongly at 8 years (Lysholm score, R 2 = 0.41; KOOS-Pain, R 2 = 0.37; KOOS-Symptoms, R 2 = 0.58; and KOOS-Quality of Life, R 2 = 0.50).
Conclusion:
The observed changes to KCOR during walking between 2 and 4 years after ACLR show progressive improvement toward kinematic symmetry over the 2-year follow-up. The correlation between increasingly abnormal kinematics and worsening clinical outcomes years later in a subset of participants provides a potential explanation for the incidence of PTOA after ACLR.
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Anterior cruciate ligament (ACL) tear, one of the most common knee injuries, greatly accelerates the development of posttraumatic osteoarthritis (PTOA). 7, 18, 19, 26 Although ACL reconstruction (ACLR) has been successful in allowing patients to return to high-level sports and physical labor, it has not been successful in preventing deteriorating function and PTOA. Several studies indicate that roughly half of ACL-reconstructed patients have progressed to symptomatic radiographic PTOA by 10 to 15 years after an injury. 7, 18, 19, 26 Given that ACL tears most frequently occur in teenagers and young adults, 14 improved understanding of factors leading to worsening clinical outcomes and PTOA in this population is of crucial importance toward decreasing future morbidity from this injury.
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Altered kinematics during ambulation after ACLR have been implicated in subsequent PTOA development. 4, 23, 24 The importance of the ACL in maintaining normal function has been identified in several studies that report common kinematic changes to the knee flexion angle and internalexternal rotation angle of the knee during walking after ACLR. 15, 23, 24 It has been suggested that these kinematic changes shift the location of repetitive joint contact loads during walking to regions of cartilage not conditioned for these loads because of regional variations in both cartilage structure and biology. 3, 8, 9 If the new region of cartilage cannot adapt to the change in repetitive loading during ambulation, a degenerative pathway ensues. 4, 5, 10, 23, 27 Given that the ACL can simultaneously influence multiple components of knee kinematics, and the potential importance of identifying kinematic changes that influence the deterioration of knee function and PTOA development, it is useful to determine whether a more comprehensive metric can be used to assess knee kinematics. The average knee center of rotation (KCOR) during the stance phase of walking may provide a novel mechanical marker that combines both translational and rotational motion in the transverse plane of the tibiofemoral joint, measured as the knee flexes during the weightbearing portion of walking, 6 thus providing a more comprehensive assessment of knee kinematics during walking than a single metric alone. A strength of this metric is that it geometrically combines these variables as opposed to statistically combining them. Kinematic variables during walking are not completely independent of one another, and combining them statistically may yield insignificant results, despite contributions from several variables. Because kinematic changes after ACLR are both multifactorial and complex, combining variables this way may be useful in assessing PTOA risk.
Previous work has shown that KCOR is on the lateral side of the knee during the stance phase of walking in asymptomatic healthy knees, suggesting greater relative motion between the articular cartilage surfaces of the femur and tibia in the medial compartment compared with the lateral compartment. 17 Given that about half of ACL-reconstructed patients develop symptomatic PTOA, 18 and that changes in knee kinematics and joint moments occur after ACLR, 15, 23, 24, 28 it is also possible that some patients adopt changes in gait that alter the position of KCOR over time. Additionally, it is unknown whether these changes are associated with longer term changes in patient-reported outcomes (PROs) such as the Knee injury and Osteoarthritis Outcome Score (KOOS) 22 and Lysholm score. 20 Both of these PRO scores have been widely used to assess patient outcomes after ACLR 18, 19, 26 and have recently been found to be associated with knee joint kinematics during dynamic pivoting activities 29 and downhill running. 16 The purpose of this study was to determine if KCOR is a potential clinically useful metric of PTOA after successful ACLR. It was hypothesized that (1) there are differences in KCOR between the ACL-reconstructed and contralateral knees, (2) KCOR of the ACL-reconstructed knee changes between 2 and 4 years after surgery, and (3) the changes seen in hypothesis 2 predict changes in PROs between 2 and 8 years after surgery that are not evident at 4 years.
METHODS
Twenty-six patients (mean age, 31.0 6 6.4 years; mean body mass index [BMI], 24.8 6 2.6 kg/m 2 ; 2.6 6 1.9 months between injury and surgery; 11 female; 15 right legs) who underwent unilateral ACLR and with no other history of serious injuries or surgery to either lower limb participated in this study after providing institutional review boardapproved informed consent. Participants were tested at a nominal 2-(T 1 , 2.19 6 0.31) and 4-year (T 2 , 4.34 6 0.29) follow-up after ACLR. A subset of 13 participants (mean age, 30.5 6 7.1 years; mean BMI, 24.5 6 3.0 kg/m 2 ; 2.3 6 1.9 months between injury and surgery; 8 female; 7 right legs) returned for an 8-year (T 3 , 7.92 6 0.57) follow-up evaluation. Eight-year data were not obtained on 13 participants for the following reasons: exclusion because of additional knee injuries or surgeries (n = 3), patient moved outside of a reasonable travel distance to participate (n = 1), no consent for recontact (n = 2), no interest (n = 1), and no response to attempted contact (n = 6).
All ACL-reconstructed participants had undergone singlebundle ACLR performed with a transtibial technique (24 Achilles tendon allografts, 2 patellar tendon autografts). Inclusion criteria required successful ACLR based on a clinical examination (KT-1000 arthrometer side-to-side difference \5 mm) and self-reported knee stability. Participants with resection of more than 25% of the meniscus in either compartment, clinical instability of the reconstructed knee, or a history of other serious injuries or surgery to either lower limb were excluded.
Participants completed 10-m gait trials at their preferred walking speed for both the ACL-reconstructed and contralateral legs. A 10-camera optoelectronic system (Qualisys) and a force plate (Bertec) embedded in the floor were used to measure participants' motion at 120 Hz. A trial was successful when the entire foot of the test leg struck the force plate in the middle of the walkway. The software application BioMove (Stanford University) was used to calculate knee kinematics using the previously validated point cluster technique. 2, 12 The foot, shank, and thigh segments' anatomic reference frames were determined as previously described 13 using a standing reference pose collected before the walking trials.
KCOR was determined as previously described 6,17 by first projecting lines coincident with the transepicondylar axis of the femur onto the transverse plane of the tibia using the coordinate transformation matrix, relating the femoral and tibial anatomic coordinate systems for every frame of motion capture during the stance phase of gait ( Figure 1 and Video Supplement). The medial-lateral (ML) and anterior-posterior (AP) coordinates of KCOR were calculated over the entire stance phase by solving the least squares intersection of the projected lines. External joint moments were calculated using inverse dynamics and normalized to body weight and height (%BW3Ht). PROs were assessed at the 2-, 4-, and 8-year time points using questionnaires (KOOS, Lysholm) filled out the same day as the gait test. For both questionnaires, a lower score corresponds to worse clinical outcomes.
Cross-sectional differences between the ACL-reconstructed and contralateral knees and longitudinal changes in ML and AP coordinates of KCOR were compared using paired t tests and considered significant with P \ .05. For this analysis, no correction for multiple comparisons was performed. Correlations between changes in KCOR between 2 and 4 years and changes in PROs between time points were tested using Pearson correlation coefficients and considered significant with P \ .05. Matlab (version R2014b; The MathWorks) was used for all data processing and making the Video Supplement, and IBM SPSS Statistics (version 20; IBM Corp) was used for all statistical testing.
RESULTS
In both the ACL-reconstructed and contralateral knees, the average KCOR was on the lateral side of the knee for all time points (Figure 2 ), agreeing with previous work. 17 There were significant differences in KCOR of the ACL-reconstructed knee both relative to the contralateral knee and over time. KCOR of the ACL-reconstructed knee was more lateral than that of the contralateral knee at 2 years after ACLR (P = .03) and became less lateral over time (P = .047), exhibiting no difference with the contralateral knee at 4 years (P = .55) (Figures 1 and 2 and Video Supplement). KCOR was also significantly more anterior in the ACLreconstructed knee compared with the contralateral knee at both time points (P = .02 at 2 years, P = .015 at 4 years), and there was no significant change in the AP position of KCOR of the ACL-reconstructed knee between 2 and 4 years (P = .35) (Figure 2 ). Rather, there was a divergence in the direction of change between participants in this cohort, with KCOR in the ACL-reconstructed knee shifting anteriorly in 10 (38%) participants and shifting posteriorly in 16 (62%) participants (Figure 3) . Given that the knee flexion moment is associated with net quadriceps muscle contraction, and that force generated by the quadriceps influences knee kinematics, 25 a post hoc analysis was performed and showed that the changes in the AP position of KCOR were significantly correlated (P = .01, R 2 = 0.23) with changes in the peak knee flexion moment over time (Figure 4) . No significant changes in KCOR were observed in the contralateral knee between 2 and 4 years after ACLR.
Increasing anterior position of KCOR in the ACL-reconstructed knee from 2 to 4 years correlated with worsening clinical outcomes over time. Specifically, an increasingly anterior KCOR between 2 and 4 years after ACLR correlated with worsening clinical outcomes from 2 to 4 years Figure 1 . Medial-lateral axis of the femur projected onto the transverse plane of the tibial plateau is shown at each instant during the stance phase of walking for a characteristic participant with a highly lateral KCOR at (A) 2 years after ACLR and (B) the same participant at 4 years after ACLR with a more medial KCOR. 5 indicates the location of KCOR, which was calculated as the least squares intersection of the projected lines. Video versions of Figure 1A and 1B showing the time history throughout the stance phase of the mediallateral axis of the femur can be found in the Video Supplement. ACLR, anterior cruciate ligament reconstruction; KCOR, knee center of rotation. as assessed by the KOOS subscale score for knee-related quality of life (KOOS-QOL; P = .035, R 2 = 0.172) ( Figure  5 ) in the full cohort of 26 patients who returned at 4 years. In addition, increasingly anterior KCOR between 2 and 4 years after ACLR correlated with worsening clinical outcomes as assessed by the Lysholm score (P = .018, R 2 = 0.41) as well as the KOOS subscales for pain (KOOSPain; P = .035, R 2 = 0.37), symptoms (KOOS-Symptoms; P = .004, R 2 = 0.58) (Figure 6 ), and quality of life (KOOS-QOL; P = .01, R 2 = 0.50). No significant correlations were observed between changes in anterior position from 2 to 4 years and changes in PROs from 2 to 4 years in the subcohort of 13.
When considering the change in the ML position of KCOR from 2 to 4 years, an increasing lateral position in the ACLreconstructed knee from 2 to 4 years correlated with worsening clinical outcomes from 2 to 4 years as assessed by the KOOS-QOL (P = .039, R 2 = 0.166) in the cohort of 26 that 918 Titchenal et al The American Journal of Sports Medicine returned at 4 years and the Lysholm score (P = .026, R 2 = 0.375) in the subcohort of 13. No significant correlations were observed between ML changes in KCOR from 2 to 4 years and PROs at 8 years. Additionally, no significant correlations were observed between KCOR and KOOS subscale scores for function in sport and recreation or function in activities of daily living. Mean PRO scores for each time point are shown for the full cohort of 26 and the subcohort that returned at 8 years in Table 1 .
DISCUSSION
The results of this study provide new insight into early kinematic changes over time after ACLR and how these changes may influence longer term clinical outcomes after surgery. The average KCOR was shown in this study to be sensitive to kinematic changes after ACLR that appear to predict subsequent PROs. The more lateral KCOR in the ACL-reconstructed knee at 2 years means that the reconstructed knee pivots about a more lateral center of rotation and experiences greater relative motion between the femur and tibia in the medial compartment relative to the lateral compartment than does the contralateral uninjured knee ( Figures  1 and 2 and Video Supplement). 6, 17 Although it does not directly measure medial compartment motion between the femur and tibia, this finding does suggest that there are changes in the location and range of cartilage contact locations occurring during the stance phase of gait, especially in the medial compartment after ACLR. Such kinematic changes have been previously suggested to initiate degeneration in cartilage by shifting the location of the repetitive joint contact loads occurring during walking to cartilage not conditioned for these loads. 3, 4, 23 When combined with an anterior shift in KCOR that was also observed at 2 years after surgery, this may help explain why PTOA typically initiates in the medial compartment of the knee after ACLR, 7 irrespective of the damage commonly occurring to the lateral compartment at the time of ACL injury. 21 When considering longitudinal changes in KCOR, the finding that it becomes less lateral over time between 2 and 4 years after ACLR to match values similar to the contralateral knee (Figures 1 and 2 and Video Supplement) suggests the normalization of motion across the medial compartment toward bilateral symmetry, which may reflect continued maturation of the ACL graft and/or neuromuscular recovery over this time period. The finding that this observed change toward a less lateral KCOR correlated with better clinical outcomes from 2 to 4 years as assessed by the KOOS-QOL in the cohort of 26 that returned at 4 years and by the Lysholm score in the subcohort of 13 that returned at 8 years suggests a positive effect of this return to symmetry. Indeed, this change in the ML position of KCOR between 2 and 4 years was not correlated with better clinical outcomes at 8 years, supporting the notion that kinematic improvement occurring during the earlier time frame improved knee function.
In contrast, the observed divergence ( Figure 3 ) in the direction of change from 2 to 4 years in the AP position of KCOR and its correlation with the change in peak knee flexion moment from 2 to 4 years ( Figure 4 ) suggests a potential for differential outcomes over time. A higher knee flexion moment corresponds to increased quadriceps contraction, pulling the tibia more anterior relative to the femur 25 and shifting the calculated KCOR posteriorly and to a location more comparable with the contralateral uninjured knee. The observed changes to KCOR from 2 to 4 years in the ACL-reconstructed knee suggest that graft maturation and muscle adaptation toward improved kinematic symmetry continued over time in most but not all patients, providing a potential explanation as to why approximately half of patients develop PTOA after ACLR. 18, 19, 26 It is also possible that persistent passive anterior subluxation of the tibia 1 may influence changes in the AP position of KCOR over time. However, the correlation seen with peak knee flexion moment suggests that the AP position of KCOR is likely more influenced by changes in quadriceps function over time during nonpassive activities such as walking.
The divergence in the change to the AP position of KCOR within the cohort between 2 and 4 years after ACLR suggests that this may be a mechanical marker of change in knee function over time. The finding that increasing anterior position of KCOR between 2 and 4 years after ACLR correlated with worsening PROs at 4 years ( Figure 5 ) and again more strongly and in more metrics for the subcohort at 8 years (Figure 6 ) further supports the hypothesis that early changes in KCOR predict longer term changes in clinical outcomes. While this analysis was strengthened by analyzing differences within participants both over time and relative to the contralateral knee, reducing variations that would exist with many of the variables considered in a between-participant analysis, this study evaluated a relatively small cohort of participants after ACLR, of which only half returned for the 8-year follow-up. While we found significant associations between gait metrics and long-term patient outcomes for this small subgroup, studies with larger cohorts that are powered to control for other covariates such as age, sex, and BMI are needed to determine the predictive value of this metric.
The earliest stages of joint degeneration and PTOA development are typically clinically silent. 11 In our population of human participants with well-functioning ACLreconstructed knees just 8 years after surgery, we observed that several participants exhibited changes greater than what is considered to be a minimal clinically important difference (MCID) of 8 points from 2 to 8 years for the KOOS 22 (2/13 participants for KOOS-Symptoms [ Figure 6 ], 2 for KOOS-Pain, and 4 for KOOS-QOL). The MCID is designed to determine if a change is clinically significant within a single patient. The observation that several participants in this select group of patients already show the MCID in several KOOS subscales just 6 years later further highlights the potential clinical utility of KCOR in providing an early warning of deteriorating clinical outcomes over time.
Average KCOR during walking, as defined in this study, is a unique metric that provides new information with high potential clinical relevance in the early assessment of patients sustaining ACL injuries. The data from this study show that continued improvement to knee kinematics did not occur in some participants between 2 and 4 years after ACLR, suggesting a need for a clinical follow-up longer than 1 year after surgery. The finding that worsening KCOR from 2 to 4 years correlated to poorer clinical outcomes at 8 years supports the hypotheses that KCOR, as well as the change in KCOR over time after ACLR, may be a useful metric for assessing knee kinematics and providing an early warning of deteriorating knee function. The results of this work support progressing to more comprehensive studies of larger ACL-reconstructed cohorts to determine whether KCOR and the change in KCOR over time predict not only PROs but also the PTOA risk as measured by advanced quantitative imaging and radiographs.
